US007092673B2
a2 United States Patent (10) Patent No.: US 7,092,673 B2
Bevan et al. 45) Date of Patent: Aug. 15, 2006
(54) ANGLE OF ARRIVAL ESTIMATION IN A 6,215,814 B1* 4/2001 Ylitalo et al. ............... 375/148
WIRELESS TELECOMMUNICATIONS 6,597,927 B1* 7/2003 Eswara et al. .............. 370/334
NETWORK 6,850,761 BL* 2/2005 Pallonen ..................... 455/437
| | 2002/0002066 Al  1/2002 Pallonen
(75)  Inventors: David Bevan, Bishops Stortford (GB); 2003/0064753 Al*  4/2003 Kasapi et al. ............... 455/561
Victor T Ermolayev, Nizhny Novgorod 2005/0014533 Al* 1/2005 Caveet al. .............. 455/562.1
(RU); Alexander G Flaksman, Nizhny _ _ﬁ
Novgorod (RU); Evgeny A Mavricheyv, FOREIGN PATENT DOCUMENTS
Nizhny Novgorot (RU) GB EP141886 Al * 5/1985
(73) Assignee: Nortel Networks Limited, St. Laurent GB 2325785 A 12/1998
(CA) P 2001086050 A * 3/2001

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 573 days.

* cited by examiner

Primary Examiner—Edan Orgad

(21) Appl. No.: 10/330,945 Assistant Examiner—Sujatha Sharma

(74) Attorney, Agent, or Firm—Barnes & Thornburg LLP
(22) Filed: Dec. 27, 2002

(57) ABSTRACT
(65) Prior Publication Data

US 2004/0127230 Al Jul. 1,2004 The present invention relates to estimating the Angle of

Arrival (AoA) of a signal from a user equipment received at

(51) Int. CI. N AP 1 . "
HO4B 1/00 (2006.01) a hase Etat};on ol a Wul*le ess te Tc?otl)nmumcatlons iet\fvorl
HO4R 7/00 (2006.01) where the base station has a multi-beam antenna. A signa

(52) U.S. Cl 455/69- 455/456.1: 455/456.5: received from a user equipment 1s recerved by the each of

455/561: 342/350: 342/359: 342/423: 342/434; e multiple beams ol the antenna, and the two adjacent
142/445 beams receiving the highest amplitude from the end user are

_ _ _ selected. A ratio of functions of the amplitudes of the two

(58) Field of 4(;!52}25512(?2?} S5e632r(1:h 277 13 A 21522645365‘ é’ selected beams, such as a ratio of the difference between the
T 3425/367 ' 3586 4'45 445 42?: 43i amplitudes of the two beams to the sum of the amplitudes 1s

Q Lieation file f ’ | " ’ b h'j ’ calculated and compared to a data store of ratios. The data

e application lile lor complete search lustory. store stores expected ratios corresponding to AoAs and the

(56) References Cited calculated ratio 1s compared to the pre-calculated expected
ratios to extract an estimate of the AoA of the signal from the
U.S. PATENT DOCUMENTS user equipment.
5,596,333 A 1/1997 Bruckert
5,739,788 A * 4/1998 Dybdal et al. .............. 342/359 37 Claims, 5 Drawing Sheets
Beam 1 Beam 2 Beam 3
g L 177
| At A2 A3 |
! Generate Generate Generate |
: Average Average Average |
|
} J ¥ ]
| B B2 B3 :
l Subtract Subtract Subtract |
: Npise Noise Noise |
|
1 l |
| ct c2 c3 ,
| If negative If negative If negative I
lI make positive make positive make positive :
' 1
E ™
i l
| |
I
/

'. P> P37 | 22
Yas equivalent to No
\ /
A\ !
\ E1 E2 y
\‘\‘ (Generate Generale ;f
\R Bas Bys ‘,‘f
\x N £ !f
\ F L / Pata
A ~—— Store
\ interrogate Data Store 7
\ ko extract ADA /
N



US 7,092,673 B2

Sheet 1 of 5

Aug. 15, 2006

U.S. Patent

\ peaids
a|buy




U.S. Patent Aug. 15, 2006 Sheet 2 of 5 US 7,092,673 B2
Beam 1 Beam 2 Beam 3
A1 AZ A3
(Generate Generate (Generate
Average Average Average
B1 B2 B3
Subtract Subftract | Subtract
Noise Noise ' Noise

C2
If negative

C1

If negative
make positive

C3
If negative

make positive make positive

P> Pq?

| Yes No

equivalent to

\ Aq1> Aq?
\ /
\ /
\ E1 E2 /
\ /
\ (Generate y
\ B /
\ d /
\ /
\ F /

\ / Data

\ — 71 Store

\ Interrogate Data Store /
\ to extract AOA /

e Tl -‘Saaaasy 2 B S | e TN AN T @ TAEEESE T "

20




US 7,092,673 B2

Sheet 3 of 5

Aug. 15, 2006

G4(9)

U.S. Patent

._.H - p——— _....I...-H
) o) ™~
(D bl LL.

<O
‘ | ] O
i | -
1 | e O
) " o o _ ] “ “ i _ “
] l i } )
; _ ! 0 o _ 1 _ _ _ ! ) \
_ _ ) | _ _ \ _ _ ) :
! : ! (] ' ' ( ) _ ) __
N N SN R U 6 S S NS RO =
| _ _ YT TR T T T l_lll_lllﬁlllnll_lﬁl -t
) | | | | j _ _ _ _
_ _ “ _ _ _ _ ! _ v/
_ _ ) l ! _ ) | | I
. i I _ _ - 1
- mw _ ) 'y _11.T.1J i " —
- .IIII— lllllll
B e et T e Ry et
| _ | _ AT T T T T T
o ! b1 ) b _ _ : _ | ./
_ " A =
. _ \1_ | [ “ I I ! ! “ { o
) . ' l } _ _ ' ) _
————d e e ~—-- il e e e e e St el bl s sei < D
[ _ _ ) I _ _ i ! _ )
/ I ) , l | T ! . ( _ _
! | i o I ! ! } ]
} | \ } | i i ) l _ [ l
\ | _ s 1 _ | _ . |
t “ “ ' [ \ | I | | L .
I ! ||I+IIIT|||TJI_|1 llhlllflllTll_lll o
—— .- male i \. _ ( oy ' 1 : ) _
! ~ | | | \ ) l i } I
_ _ e, T _ l ' |
_ | e B N _ ! i l
I L I j T e ) ) _ _ |
: — R S IV L T U S T T =
_ 1|||_|||_|l1_i|_||ﬂ_|||_|1|_1ll.||_l -1 =
S N N SN U SN, W YU - } _ o ! ) i _ .
= 7 d; T 1 < | _ |y _ _ _ ) _
| ! _ } | | ] t . | | ] _
_ _ .
_ _ l I
_ [ | ._ _ ) ) e TR S
“ D
| — o ~ @ @ T {N O &N F © © T
“? S o o |\o @ @ 9
(] T - £ - L o L O
| - Y N o o 7
< = "R
T a@)
L L1

Fig.5



U.S. Patent Aug. 15, 2006 Sheet 4 of 5 US 7,092,673 B2

1swiojweag dsns daa(




US 7,092,673 B2

Sheet 5 of 5

Aug. 15, 2006

U.S. Patent

Fig.7



US 7,092,673 B2

1

ANGLE OF ARRIVAL ESTIMATION IN A
WIRELESS TELECOMMUNICATIONS
NETWORK

FIELD OF THE INVENTION

This invention relates to estimating the Angle of Arrival
(AoA) of a signal from a user equipment receirved at a base
station of a Wireless Telecommunications Network. In par-
ticular the present invention relates to AoA estimation for
base stations of a wireless telecommunications system hav-
ing beamformed or multiple beam antennas.

BACKGROUND OF THE INVENTION

A typical cell of a wireless telecommunications network
has a central base station transmitting and receiving radio
frequency (rf) signals over a geographical area or cell
bounded by a boundary of theoretical equal signal strength
with adjacent cells. The network 1s made up of a plurality of
such cells mosaiced over a wider geographical area, as 1s
well known 1n the art. The cell may be divided into sectors
with typically one or more single beam antenna of the base
station covering each sector.

There 1s currently a requirement from end users of mobile
user equipments for location aware services, in which the
network 1s aware of the location of the end user. An example
might be services for advising end users of traflic jams in
their location or for advising end users of local services,
such as restaurants in their location.

Several schemes have so far been utilised to determine
position location of a user equipment within a telecommu-
nications network. Cell ID and enhanced cell ID provide
position location by identification of the cell within which
the end user equpment 1s located. While this system
requires no modifications to the user equipment, it cannot
provide precise location positioning. Another alternative,
Global Positioning System (GPS) 1s relatively expensive,
although accurate. It suflers from the disadvantage that 1t can
take some time for a user equipment to acquire and lock on
to satellites, coverage 1s poor indoors, power consumption
by the user equipment 1s high and a specially modified user
equipment 1s required. Assisted GPS enables the user equip-
ment to acquire and lock on to a satellite more quickly but
still suflers from the other disadvantages of GPS. Enhanced-
Observed Time Difference (E-OTD) provides relatively
accurate position location, but again requires modified user
equipments. In addition network wide synchronisation or
additional timing measurement devices have to be deployed
in the network. Finally, Cumulative Virtual Blanking (CVB)
1s a complex scheme which enables the deployment of
E-OTD 1n Code Division Multiple Access (CDMA) net-
works. Again modified user equipments are required.

User equipment position location can be derived by
triangulation between multiple base stations. However, this
requires an array ol antennas in each sector of each base
station 1n the network. Algorithms which act directly on the
outputs of the antennas (or antenna columns) of such an
array are expensive to implement. This 1s because they
require either a full recerver chain at each output, or a single
receiver chain plus a complex and high speed switching
module to commutate this single receirver across multiple
antennas.

To maximise the capacity of the base station downlink, 1t
has been proposed to use multi-beam or beamiormed
antenna arrays to cover each sector of the cell of the base
station, for example, three beam per sector deep cusp

10

15

20

25

30

35

40

45

50

55

60

65

2

antennas. It 1s envisaged that the additional equipment
complexity of the multi-beam antenna arrays and associated
signal processing will be compensated for by the enhanced
downlink capacity achieved. The angular position of a user
equipment within a cell sector 1s most likely to be aligned 1n
some way with the beam through which the receirved signal
power 1s the greatest however, estimating the Angle of
Arrival (AoA) of a signal on the uplink simply by picking
the beam with the strongest signal would not be accurate
enough for practical purposes because in the three beam per
sector case, with deep cusp beams, each beam has a width
between crossovers of around 40°.

SUMMARY OF THE

INVENTION

The present invention relates generally to a method and
system of estimating the Angle of Arrival (AoA) of a signal
from a user equipment received at a base station of a
wireless telecommunications network In which the base
station has a multi-beam antenna. A signal received from a
user equipment 1s received by each of the beams of the
antenna, and the two adjacent beams receiving the highest
amplitude signal from the end user are selected. A ratio of
functions of the amplitudes (square root of measured power
signal) of the two beams 1s calculated and the estimated Ao A
1s dertved from the ratio. A data store stores pre-calculated
expected ratios corresponding to AoAs and the calculated
ratio 1s compared to the pre-calculated expected ratios to
extract an estimate of the AoA of the signal from the user
equipment.

In accordance with a first aspect of the invention there 1s
provided a method of estimating the Angle of Arrival (AoA)
ol a signal from a user equipment recerved at a base station
ol a wireless telecommunications network in which the base
station has a multi-beam antenna, for example a three beam
antenna, comprising the steps of:

deriving the amplitude of the signal for each beam of the
antenna,

selecting the two adjacent beams which have the highest
amplitude;

calculating a ratio of functions of the amplitudes of the
two selected beams:

determiming the estimated AoA of the signal from the
calculated ratio.

In accordance with a second aspect of the present mnven-
tion there 1s provided a sub-system, for example a base
station and/or a base station controller of a wireless tele-
communications network for estimating the Angle of Arrival
(AoA) of a signal from a user equipment received at a base
station of the network, which base station has a multi-beam
antenna, for example a three beam antenna, which sub-
system comprises a signal processor for generating a signal
representing the amplitude of the signal received from the
user equipment for each beam of the antenna, for selecting
the two adjacent beams which have the highest amplitude;
for calculating a ratio of functions of the amplitudes of the
two selected beams and for determining the estimated AoA
of the signal from the calculated ratio.

In accordance with a third aspect of the present invention
there 1s provided computer readable media or software
suitable for installation in a sub-system, for example a base
station and/or a base station controller of a wireless tele-
communications network, for estimating the Angle of
Arrival (AoA) of a signal from a user equipment recerved at
the base station of the network, which base station has a
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multi-beam antenna, wherein the computer readable media
executes the steps according to the method of the first aspect
of the invention.

The AoA estimates according to the present invention are

highly accurate and do not require any modification to user
equipments. Where multi-beam antennas are deployed as
base station antennas, the AOA estimation requires no new
hardware and the AoA estimation can be achieved by the
installation of appropriate computer readable media or sofit-
ware, which requires a low data processing overhead.

The step of calculating the ratio of functions of the
amplitudes of the two selected beams may comprise the step
of calculating a simple ratio of the two amplitudes or it may
comprise the step of calculating a ratio of the difference
between the amplitudes to the sum of the amplitudes.

The step of determining the estimated AoA of the signal
from the calculated function may comprise the steps of:

inputting the calculated ratio for the two selected beams
into a ratio data store, which data store stores a set of
ratios for each pair of adjacent beams and stores an
AOA corresponding to each such ratio, to generate an
estimated AoA associated with the calculated ratio for
the two selected beams.

The amplitude of the signal for each beam of the antenna

may be derived as a square root of the measured power p of
that beam, and the ratio B, , may be calculated according to
the following equation:

a4
A, + A

where A _1s the amplitude of the signal for a first selected
beam and A, 1s the amplitude of the signal for a second
adjacent selected beam, and 1s equivalent to the following
equation:

B — \fo—\ny
’ \xpy'l'\fpx

where p_ 1s the measured power of a selected first beam and
p,. 1s the measured power of a selected adjacent second
beam.

The measured power from each beam of the antenna may
be measured over a predetermined observation interval by
averaging over a large number of samples. The observation
interval should be chosen to be long enough, for example
between 200 to 400 ms so that the efiects of Doppler signal
fading with a maximum Doppler frequency of 5 Hz and
more do not significantly effect the measured power. That 1s,
the observation interval should be chosen to be sufliciently
long such that 1t encompasses a large number of independent
signal fades. In this way, the measured power over the
observation interval should provide a good estimate of the
long term mean signal power.

For a more accurate estimation of AoA an expected noise
contribution for the measured signal power may be sub-
tracted from the measured power signal for each beam after
the averaging and then the measured power may be assessed
and 1f 1t 15 a negative value converted to a positive value
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before the selecting of the two adjacent beams. The expected
noise contribution (which would consist of thermal noise
plus residual interference) could be determined, for
example, by measuring the power of the received signal
samples over some sufliciently long period when the wanted
signal 1s known to be absent.

The set of stored expected ratios b, , for each adjacent
beam pair (X, y), may be represented by a function b, (6) of
the azimuth angle 0 of the antenna according to the follow-
ing equation:

V G(0) -V Gy(6)
V Gy(0) + V G.(0)

bx,y(g) —

where each function G,(0), G, (0) represents a mathematical
convolution of a first function representing the power beam
pattern of the respective beam (X, yv) as a function of the
azimuth angle (0) and a second function representing the
spread of signals received by the base station from a user
equipment 1n the cell due to reflections from scatterers as a
function of azimuth angle (0).

The base station will typically cover a cell of the network
and the cell may be split into sectors and a multi-beam
antenna may be deployed in each sector of the cell.

In accordance with a fourth aspect of the present mven-
tion there 1s provided a computer readable media suitable for
installation 1 a sub-system, for example a base station
and/or a base station controller, of a wireless telecommuni-
cations network, for estimating the Angle of Arrival (AoA)
ol a signal from a user equipment recerved at a base station
of the network, which base station has a multi-beam
antenna, for example a three-beam antenna, wherein the
computer readable media includes a data store which stores
a set of ratios for each pair of adjacent beams of the antenna
and stores an estimated AoA corresponding to each such
ratio, where each ratio represents the expected ratio of
functions of the amplitudes of the pair of adjacent beams for
a signal received by the antenna from a user equipment
located with respect to the antenna at the estimated AoA.

According to a fifth aspect of the present invention there
1s provided a method for generating a ratio data store, which
data store 1s suitable for use 1n estimating the Angle of

Arrival (AoA) of a signal from a user equipment recerved at
a base station of a wireless telecommunications network 1n

which the base station has a multi-beam antenna, for
example a three beam antenna, comprising the steps of:

a. generating a mathematical representation of the power
beam pattern of a single beam of a multi-beam antenna
to be deployed at the base station as a function of the
azimuth angle (0);

b. generating a mathematical representation of the spread
of signals expected to be received by the base station

from a user equipment 1n the cell due to retlections

from scatterers as a function of azimuth angle (0) of a
beam of a base station antenna:

c. convolving the two mathematical representations to
generate a spread angle function G(0);

d. performing steps a. to ¢. for each beam of the multi-
beam antenna to generate a set of spread angle func-
tions G;  (0), where n 1s the number of beams;
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¢. for each pair of adjacent beams generating a ratio
function b, (0) having the form:

VG, -V Gy(6) 5

bx, (9) —
T VGey® + VG0

f. generating the data store by storing values of the ratio
b, (0) for each pair of adjacent beams and storing an 10
azimuth angle (0) corresponding to each such value of
ratio, which azimuth angle 1s the corresponding esti-
mated AoA.

Other aspects and features of the present invention will
become apparent to those ordinarily skilled i the art upon 15
review of the following description of specific embodiments
of the mvention 1 conjunction with the accompanying
Figures.

BRIEF DESCRIPTION OF THE DRAWINGS 20

In order that the present invention 1s more fully under-
stood and to show how the same may be carried nto eflect,
reference shall now be made, by way of example only, to the
Figures as shown in the accompanying drawing sheets, 25
wherein:

FIG. 1 shows the three antenna beams 1 a 120° sector of
a cell covered by a base station and the parameters used 1n
estimating a spread source angle representing the spread of
the signal recetved by the base station from a mobile user 3¢
equipment 1n the sector;

FIG. 2 shows schematically the process steps involved in
estimating an AoA according to the present invention;

FIG. 3 shows 1n dotted lines the power beam patterns of
the three antenna beams of the base station for the sector 35
shown in FIG. 1 and 1n full lines the spread beam patterns
alter convolution with a probability distribution function of
the scatterers using a Gaussian scattering model;

FIG. 4 shows schematically the generation of the mea-
sured power signals at the outputs of the three antenna 49
beams of FIG. 1;

FIG. 5 shows the bearing curves b,,(0) and b,,(0) gen-
erated from the spread beams of FIG. 3; and

FIGS. 6 and 7 show schematically the position location of
a user equipment (6) using triangulation of the AoA esti- 45
mates from two base stations,

DETAILED DESCRIPTION OF PR
EMBODIMENTS

L]
ay

ERRED

50
There will now be described by way of example the best

mode contemplated by the mmventors for carrying out the
invention. In the following description, numerous specific
details are set out 1n order to provide a complete under-
standing of the present invention. It will be apparent, how- 53
ever, to those skilled in the art that the present invention may

be put 1nto practice with variations of the specific.

A typical cell of a wireless telecommunications network
has a central base station (2) transmitting and receiving radio
frequency (rf) signals over a geographical area or cell 60
bounded by the boundary of theoretical equal signal strength
with adjacent cells. The network 1s made up of a plurality of
such cells mosaiced over a wider geographical area, as 1s
well known 1n the art. The base station (2) transmits signals
to end user equipments, for example mobile user equipment 65
(6) 1n the cell over a downlink channel of a duplex and
receives signals from the end user equipments over an

6

uplink channel of the duplex. The base station receiver may

for example have a 2 GHz carrier frequency, 3.8 Mcps chip
rate and carrier spacing equal to 5 MHz.

The base station (2) employs a multi-beam antenna 1n
cach sector of the cell, typically from two to six beams.
Specifically, the base station employs a three beam deep
cusp antenna array per 120° sectors generated from a facet
containing 6-ofl A/2-spaced columns of dual polar antenna
elements, as shown 1in FIG. 1. The beams have a 10 dB
cross-over at £20°. This multi-beam antenna array 1s used
principally for maximising capacity on the downlink chan-
nels.

The unspread beam pattern (1e. power gain as a function
ol angle) of each beam of the multi-beam antenna array of

the base station (2) 1s shown by dotted lines 1n FIG. 3 and
can be represented by a function F(0). The function F(0) can

be derived by antenna analysis modelling or by measure-
ment of the antenna beams.

Referring to FIG. 1, the signal received by the base station
(2) from the user equipment (6) 1s a sum of the signals
reflected from scatterers (4), such as buildings, situated
randomly around the mobile. The angles of arrival (AoAs)
of the signals from the scatterers (4) at the base station (2)
are various and so the set of scatterers (4) can be considered
as a spread source. The probability distribution function of
the environment can be modelled as a Gaussian two-dimen-
sional distribution of scatterers in the plane (using polar
coordinates r, ¢) in the form:

& 2
p(ra (P) — ;EKP(_E{F )

Therefore, a Probability Density Function (PDF) of AoAs of
the scattered signals from the user equipment (6) as recerved
by the base station (2) can be obtained as a PDF p(0) of the
angle distribution of the scatterers (4). I the user equipment
(6) has an azimuth 0=0, then p(0)d0 is the probability of a
scatterer being located 1n the strip dO 1n the direction 0. PDF
p(0), 1s a one-dimensional distribution of scatterer probabil-
ity versus the AoA, 0, and 1s represented by the function:

PR S tan”d
po) = N cos?f tanf =AP _tanzé’fﬁ

This function meets the normalisation requirement that:

ﬁp(@)ﬂﬂf?:l

The angle spread of signals received by the base station
(2) can he defined as A=20_,, where 20_.1s the width of the
PDF p(0) at the level equal to 1/e (-4.15 dB). The assump-
tion 1s made that the mean power signal received from all
scatterers 1s equal, and so the PDF p(0) can be considered to

be a Power Angle Spread (PAS) function.
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Then considering the case when 0_4<<1 the function p(0)
can be simplified to the following expression for ensemble
mean power as a function of angle:

p(o) =

o ag |
CXP|—
Qfﬁ\{; Qfﬁ

The spread beam pattern for each beam (ie. G(0), power
gain as a function of angle), shown in full lines in FIG. 3, 1s

given by the convolution (denoted ) of the unspread beam
pattern F(0) for that beam with the PAS function p(0), as
follows:

G(0)=£(0)p(0)

where the convolution 1s defined as follows.

If a(0) and b(0) are to be convolved to give ¢(0)=a(0)b(0),
then:

c(6) = alf) ®H(H) = frzma(r)b(@ —T)d7T = frzmb(r)a(ﬁ - )dT

If the expressions for a(0) and b(0) are complicated, or not
known 1n closed form, then this expression can be computed
numerically, using a mathematical computing package such
as Mathcad. The function can be approximated with only
small error by choosing finite limits, as long as the limits are
chosen to be sufliciently large that the approximation error
1s small (this can be vernfied by trial and error). For sim-
plicity any wrap around eflects at 180° have been 1gnored,
which strictly speaking require a circular convolution func-
tion to be carried out rather than the above linear convolu-
tion. The wrap around eflects are i1gnored because the
angular range of interest (over which the bearing curves are
generated, as described below) 1s much smaller than the
angle at which the wrap around occurs.

An alternative approach 1s not to use the PAS function 1n
the convolution integral as above, but to use a Monte Carlo
simulation approach. In this Monte Carlo approach a set of
realisations of spread beam patterns are generated for dii-
ferent realisations of scatterer model. Each of these spread
beam patterns 1s generated by convolving the scatterer
realisation (1instead of the ensemble PAS) with the true beam
pattern, analogously to the way described above. For each of
these realisations of the scatterer model time averaging over
the temporal fading 1s carried out. Finally, the many spread
beam functions (one per realisation) are averaged. Provided
a suflicient amount of averaging over many realisations,
with suflicient temporal averaging for each realisation, then
the result 1s equivalent to that derived using the convolution
integral above.

The function F(0) for each beam 1s convolved with p(0)
for a pre-determined angle spread 20_.to generate, as shown
in FI1G. 3, a spread beam pattern G,(0) for a first of the three
beams having a power beam pattern shown in dotted lines by

F,(0), G,(0) for a second of the three beams having a power
beam pattern shown 1n dotted lines by F,(0) and G4(0) for
a third of the three beams having a power beam pattern
shown 1n dotted lines by F,(0). The angle spread used 1n
FIG. 3 1s 19.8°. 'The selection of the spread angle 20 _, can
be determined as explained below 1n relation to Table 1.

10

15

20

25

30

35

40

45

50

55

60

65

8

From the calculated spread beam patterns bearing curves
b,,(0) and b,,(0) are calculated according to formulas:

VG (0) -V G (6)
by (8) =

VGL(8) +V G, (0)

VG (0) =V G4 (0
D (0) = 2(6) 3(0)

V G3(0) + V G2 (0)

The bearing curves b, ,(0) and b,,(0) are shown 1n FIG. §.
It should be noted that the bearing curves are generated
without regard to Additive White Gaussian Noise (AWGN),
1.e. they are valid for very high SNR. Therefore, when the
AoA 15 estimated the measured power signals from the end
user equipment have a known noise power subtracted from
them to get an unbiased signal power estimate, as 1s
described 1n more detail below.

A data store (20) of values of b,,(0) and the associated
value of 0 1n the region of —40° to 0° 1s then generated. The
region —40° to 0° 1s selected as this 1s the region covered by
beams 1 and 2 and the associated value of 0 1s the estimated
Ao0A for the value of b,,(0). Similarly, values of b,,(0) and
the associated value of 0 in the region of 40° to 0° are
generated and added to the data store. The region 40° to 0°
1s selected as this 1s the region covered by beams 2 and 3 and
the associated value of 0 1s the estimated AoA for the value

of b,.(0).

TABLE 1

Angle spread source parameters for
various time windows

Corrected
Mean Observed angle
Size of the number of angle spread
time window scatterers in spread A = 2(00) A =2(0_g)
(ns) window (degrees) (degrees)
260 4 22 19.8
780 9 30 28.4
1300 15 34 32.6
2600 20 37 35.7

Table 1 shows measured angle spreads 1n a dense urban
scattering environment (central London), where the rnight
hand column contains a correction term to account for the 8°
3 dB beamwidth of the antenna with which the data was
measured. The (corrected) measured angle spread depends
on the size of the time window within which we include
arriving scattered signals. For a wide bandwidth transmaitted
signal, then using a signal processing technique known
variously 1n the art as a Matched Filter or Correlator, signals
can be gathered within a given time window of the first
arrival, and later arriving signals can be excluded. The wider
the bandwidth of the signal, the smaller the size of this time
window can be made. The minimum size of this time
window can be considered to be approximately equal to the
reciprocal of the symbol rate of the transmitted signal (or
chipping rate, 1f a CDMA system 1s used). For example, for
the 3" Generation UMTS system (based upon CDMA), the
shipping rate 1s 3.84 Mcps. The minimum time window over
which signal components can be ‘resolved’ or ‘excluded’ 1s
therefore approximately equal to the reciprocal of this, or
260 ns. For a narrow signal bandwidth, then the time
window becomes correspondingly larger. For example, for
the GSM system the symbol rate 1s 200 ksps, which leads to
a time window of 5 us (5000 ns).
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Based on analysis of the measured Central London data,
which was measured with a high signal bandwidth, 1t has
been possible to quantily the effective angle spreads which
would be seen using a correlator (matched to the first
arrivals). This has been done for various different bandwidth
signals, with time windows over the range of 260 ns to 2600
ns. So for a time window of 260 ns, 1t can be seen from Table
1 that the mean number of scatterers captured within the

time window 1s 4, and the corrected angle spread (account-
ing for the beamwidth of the measurement antenna) 1s 19.8°.
This value of angle spread of 19.8° 1s the one which was
used to generate the spread beam patterns of FIG. 3. For a
wider time window of 2600 ns, 1t can be seen from Table 1
that corrected angle spread (accounting for the measurement
antenna) would now be 33.7°. The angle spread 1s higher
because a larger number of scattered components are
included, some of which will have path lengths significantly
greater than the direct path. This 1s because these long-delay
signals have scattered ofl an object (e.g. a building) with a
large angular offset compared to the true mobile line of
bearing. It would be expected that this higher angle spread
(35.7° rather than 19.8°) would automatically mean that the
angle estimation error for such a system with a wider time
window (corresponding to a narrower signal bandwidth)
would be higher. However, this 1s not necessarily the case,
because with this larger time window the mean number of
scatterers captured within the time window has also
increased from 4 to 20. Thus whilst the angular displacement
of each scattering centre 1s on average higher, there are many
more of them. Thus the ‘wandering” of the overall distribu-
tion about the true bearing angle 1s correspondingly reduced,
since 1t 1s the result of averaging over many more randomly-
displaced sources.

Finally, it 1s noted that given a higher bandwidth signal
the effective size of the time window can be controlled.
Although 1t 1s not easy to reduce the effective size of the time
window, 1t can easily be increased by using, within a
receiver, signal processing means consisting ol multiple
Matched Filters, each matched to a significant delayed path.
Then the powers at the outputs of these matched filters can
be summed and the summed power used as an estimate of
signal power on any given beam. This 1s analogous to the
concept of ‘rake filtering” or ‘rake combining’ 1n a CDMA
system, which 1s well known to those skilled in the art.

The process by which AoA 1s estimated 1s one of simul-
taneously measuring recerved power signals at the multiple
outputs of the fixed beams of the antenna (after applying
correlation or matched filtering and possibly rake combin-
ing, as described above). The power from each beam 1is
measured over an observation interval, for example 400 ms
by averaging over a large number of samples of signal
power, for example at a 1 ms spacing (see steps A,, A, and
A; of FIG. 2). If the spread angle of A=2(0_;) of 19.8° 1s to
be used 1n the calculation of the PAS, then the samples are
outputs of a matched filter, matched to the first arrival of the
received signal, in a 260 ns time window, 1n accordance with
FIG. 1. Alternatively, the sums of the power outputs of
multiple matched filters, each matched to a separate signifi-
cant arrival of a dispersive multipath signal, can be used to
sum signals received within a longer time window with
A=2(8,,) selected accordingly.

Table 1 shows results for a dense urban environment. For
a sub-urban environment the spread angle corresponding to
a 260 ns time window might be around half of that 1n a dense
urban environment, for example, 1n the region of 8° to 12°.
For a rural area the spread angle corresponding to a 260 ns
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time window might be around half of that in a sub-urban
environment, for example, 1n the region of 3° to 70°.

FIG. 4 shows the incoming signal from end user (6) 1n the
cell sector covered by the three beams labelled 1, 2, and 3.
The received signal powers measured from the three beams
over the 400 ms observation interval are shown schemati-
cally by p,, p, and p,. The power of the signals periodically
fade with a maximum Doppler frequency of 50 Hz (and
hence a period of 20 ms). The observation interval, set at 400
ms 1s approximately 50 times longer than the time 1t takes
the user equipment to move one wavelength 1n space, which
itselt 1s typically longer than the amount of mobile move-
ment which 1s required to guarantee independent fading
samples from start to finish. Thus, the averaging over the
400 ms interval adequately accounts for the eflects of
Doppler fading since it 1s chosen to be sufliciently long such
that it encompasses a large number of independent signal
fades. In this way, the measured power over the observation
interval should provide a good estimate of the long term
mean signal power. The averages of the measured powers

for the three beams are shown by the dotted lines in the three
graphs of FIG. 3.

A mean value for the AWGN 1s subtracted from the
averaged measured recerved powers calculated for the three
beams (see steps B,, B, and B; of FIG. 2) to obtain unbiased
estimates of the average signal powers at the three beam
outputs. The expected noise contribution (which would
consist of thermal noise plus residual interference) could be
determined, for example, by measuring the power of the
received signal samples over some sufliciently long period
when the wanted signal 1s known to be absent If the result
of the subtraction 1s a negative value, then the value 1s made
positive (see steps C,, C, and C; of FIG. 2). Then the noise
adjusted average signal power of the outer beams (beams 1
and 3 1n FIG. 3) are compared and the beam with the lowest
average signal power 1s discarded (see step D of FIG. 2). In
the example shown 1n FIG. 4, the beam 1 1s the one which
1s discarded. The adjusted average signal power of the
central beam p,* and the adjusted average signal power of
the remaining outer beam, 1e. beam 3, p,™ are applied to a
sum and difference equation equivalent to that used to

calculate b,, (see step E, of FIG. 2), as tollows:

Vpi-Vrs (1a)

. Az —As
Vs eVpr AstA

where A, 1s the amplitude of the signal at beam 3 and A, 1s
the amplitude of the signal at beam 2.

The resulting value of actual ratio B, 1s applied to the
graph of the bearing curve b,, of FIG. 5 1n the region of 0°
to 40° to generate an estimated angle of arrival of 17°. This
1s equivalent to looking up the value of B, ;™ 1n the data store
(20) and extracting the associated AoA estimate.

I1 the adjusted average signal power p, * 1s greater than the
adjusted average signal power p;*, then the beam 3 1is
discarded and the adjusted average signal power of the
central beam p,* and the adjusted average signal power of
the remaining outer beam, 1e. beam 1, p, ™ are applied to a
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sum and difference equation equivalent to that use to cal-
culate b,, (see step E, of FIG. 3), as follows:

V3= pi (1b)

B Ay —Aj
TUVpi+Vps A+ A

where A, 1s the amplitude of the signal at beam 1 and A, 1s
the amplitude of the signal at beam 2.

The average amplitude of each beam 1s calculated as a
square root of the adjusted average signal power of the beam
and so the equations (1a) and (1b) represent a ratio of the
difference of the amplitudes of the two selected beams
(numerator) to the sum of the amplitudes (denominator).

The bearing curves shown in FIG. 5 can be converted 1nto
a data store or look up table (20) of bearing curve amplitude
b,, for the adjacent beams 1 and 2 and corresponding angle
0 (in range 0° to —40°) and of bearing curve amplitude b, ,
for the adjacent beams 2 and 3 and corresponding angle 0 (1n
range 0° to 40°). In this case the adjusted average signal
powers of the two selected beams (1 and 2 or 2 and 3) are
applied to the appropriate difference/sum function (la) or
(1b) above to generate the calculated ratio B, ,* or B,,*. The
thus calculated ratio B, ,* or B, * 1s then applied to the look
up table bearing curve amplitude b, or b,, respectively and
the corresponding value of 0 1s extracted (see step F of FIG.
2).

The results of the AoA estimate at the base station can be
passed to a network controller for further processing to
estimate the location of the user equipment (6), for example
by triangulation based on estimates passed to the network
controller by multiple base stations. Referring now to FIG.
6 which shows a first base station BS, and a second base
station BS, separated by a distance d along a Cartesian axis
X. A user equipment (6) 1s served, for example, by the first
base station BS, and the second base station BS, 1s selected
as a support base station, for example, on the criterion that
of all the base stations adjacent to BS, it receives the
strongest signal from user equipment (6). The first base
station BS, receives a signal from the user equipment (6) and
estimates its AoA to be ¢, with respect to the x-axis. The
second base station BS, also receives a signal {from the user
equipment (6) and estimates 1ts AoA to be ¢, with respect to
the x-axis. Then by locating the intersection of a line
extending from base station BS, at an angle ¢, with a line
extending from base station BS, at an angle ¢, a position
location (X, y,) can be obtained in Cartesian coordinates for
the user equipment (6)

All or some of the process or method steps shown 1nside
the dotted line box (22) of FIG. 2 can be executed by a signal
processor (22) located at a base station (2). The early steps
in the process shown in FIG. 2 could be carried out by a
signal processor located at a base station (2) and the later
steps, for example step F onwards, could be carried out by
a signal processor at a base station controller (24) for
controlling a plurality of base stations.

Computer readable material may be installed at the base
station (2) for executing all or some of the steps shown 1n
FIG. 2. The early steps 1n the process shown 1n FIG. 2 could
be carried out by computer readable material or software
installed at a base station (2) and the later steps, for example
step F onwards, could be carried out at by computer readable
maternial or software installed at a base station controller (24)
for controlling a plurality of base stations.
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A base station (2) or a base station controller, or a
combination of the two may make up a sub-system of the
wireless telecommunications network.

As an alternative to the diflerence/sum ratio of the spread
beam patterns for calculating the bearing curves set out
above, the bearing curves can be calculated as a simple ratio
of the spread beam patterns as follows:

G (6
b1 (8) = V 1 (&)
VG, (6)
vV G2 (0
by (8) = 3(©)
vV G,(6)

in which case equations (1a) and (1b) above will be altered
to be as follows:

B v p; Az (12)
23 = A

V3 A2
and
A (10
TV A

The AoA estimate 1s subject to errors and so the position
location for the user equipment (6) 1s similarly subject to
errors. In FIG. 6 ¢, 1s the estimated AoA generated by the
base station BS, with respect to the x-axis and so the base
station BS, estimates the user equipment (6) to be located on
this line. The lines ¢.; and o, to etther side of the line at angle
¢, extending from base station BS, define an area where
there 1s a high probability that the user equipment (6) 1s
located, based on the results from base station BS, only.
Similarly, ¢, 1s the estimated AoA generated by the base
station BS, with respect to the x-axis and so the base station
BS, estimates the user equipment (6) to be located on this
line. The lines p, and [3, to either side of the line at angle ¢,
extending from base station BS, define an area where there
1s a high probabaility that the user equipment 1s located 1n the
area, based on the results from base station BS, only. Thus,
the combined results from base stations BS, and BS, give an
estimate of the user equipment location to be at the location
(7), where the lines ¢, and ¢, cross. The cross-hatched area
in FIG. 6, enclosed by the lines o, a.,, p; and p, defines an
arca where there 1s a high probability that the user equipment
(6) 1s located, based on the triangulation of the results of the
base stations BS, and BS, . In FIG. 6, the true position of the
user equipment (6) 1s within this cross hatched area, but does
not coincide with the estimated position (7). It should be
noted that the shape of the cross-hatched area of FIG. 6 will
change for different values of ¢, and ¢,. In particular, as
shown 1 FIG. 7 where the user equipment (6) 1s located
close to the x-axis, the cross-hatched area will become
clongated 1n the direction of the x-axis thus reducing the
accuracy of the position location of the user equipment in the
direction of the x-axis, although the accuracy of the position
location of the user equipment may be improved in the
direction of the y-axis.

The mnvention claimed 1s:

1. A method of estimating the Angle of Arrival (AoA) of
a signal from a user equipment received at a base station of
a wireless telecommunications network in which the base
station has a multi-beam antenna, comprising the steps of:
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derniving the amplitude of the signal for each beam of the
antenna,

selecting the two adjacent beams which have the highest
amplitude;

calculating a ratio of functions of the amplitudes of the
two selected beams:

determining the estimated AoA of the signal from the
calculated ratio by mputting the calculated ratio for the

two selected beams into a ratio data store, which data
store stores a set of ratios for each pair of adjacent

beams and stores an estimated AoA corresponding to
cach such ratio, to generate the estimated AoA associ-
ated with the calculated ratio for the two selected
beams and wherein the ratios stored in the data store
account for the spreading eflect of signals received by
the base station from a user equipment in the cell due
to reflections from scatterers.
2. A method according to claim 1 wherein the ratio of
functions of the amplitudes 1s a simple ratio of the ampli-
tudes of the two selected beams.

3. A method according to claim 1 wherein the ratio of
functions of the amplitudes 1s a ratio of difference between
the amplitudes of the two selected beams to the sum of the
amplitudes.

4. A method according to claim 1 wherein the ratio B_, 1s
calculated according to the following equation:

A, — A,

B... =

VAL +A
b X

where A_ 1s the amplitude of the signal for a first selected
beam and A, is the amplitude of the signal for a second
selected beam.

5. A method according to claim 1 wherein the amplitude
of the signal for each beam of the antenna 1s derived as a
square root of the measured power p of that beam.

6. A method according to claim 1 wherein the amplitude
of the signal for each beam of the antenna 1s derived as a
square root of the measured power p of that beam and the
measured power from each beam of the antenna 1s measured
over a predetermined observation interval by averaging over
a large number of samples.

7. A method according to claim 1 wherein the amplitude
of the signal for each beam of the antenna 1s derived as a
square root of the measured power p of that beam, compris-
ing the additional step of subtracting an expected noise
contribution from the measured power of each beam before
the selecting of the two adjacent beams.

8. A method according to claim 1 wherein the base station
covers a cell of the network and the cell 1s split into sectors
and a multi-beam antenna 1s deployed 1n each sector of the
cell.

9. A method according to claim 1 1n which the base station
has a three-beam antenna array, the three beam antenna array
having a central beam and two side beams, comprising the
steps of:

deriving the amplitude of the signal for each of the three
beams of the antenna;

selecting the central beam and the one of the side beams
having the highest amplitude;

calculating a ratio of functions of the amplitudes of the
two selected beams; and

determining the estimated AoA of the signal from the
calculated ratio.
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10. A method of estimating the Angle of Arrival (AoA) of
a signal from a user equipment received at a base station of
a wireless telecommunications network in which the base
station has a multi-beam antenna, comprising the steps of:
deriving the amplitude of the signal for each beam of the
antenna,
selecting the two adjacent beams which have the highest
amplitude;
calculating a ratio of functions of the amplitudes of the
two selected beams:
determining the estimated AoA of the signal from the
calculated ratio and wherein the amplitude of the signal
for each beam of the antenna 1s derived as a square root
of the measured power p of that beam comprising the
additional steps of assessing the measured power and 1f
the measured power 1s a negative value, converting it to
a positive value.
11. A method of estimating the Angle of Arrival (AoA) of
a signal from a user equipment received at a base station of
a wireless telecommunications network in which the base
station has a multi-beam antenna, comprising the steps of:
deriving the amplitude of the signal for each beam of the
antenna,
selecting the two adjacent beams which have the highest
amplitude;
calculating a ratio of functions of the amplitudes of the
two selected beams:
determiming the estimated AoA of the signal from the
calculated ratio and wherein the amplitude of the signal
for each beam of the antenna 1s derived as a square root
of the measured power p of that beam comprising the
additional steps of subtracting an expected noise con-
tribution ifrom the measured power of each beam and
then assessing the measured power and 11 the measured
power 1s a negative value, converting it to a positive
value belore the selecting of the two adjacent beams.
12. A method of estimating the Angle of Arrival (AoA) of
a signal from a user equipment received at a base station of
a wireless telecommunications network in which the base
station has a multi-beam antenna, comprising the steps of:
deriving the amplitude of the signal for each beam of the
antenna,
selecting the two adjacent beams which have the highest
amplitude;
calculating a ratio of functions of the amplitudes of the
two selected beams:
determining the estimated AoA of the signal from the
calculated ratio and wherein the step of determining the
estimated AoA of the signal from the calculated ratio
comprises the step of mputting the calculated ratio for
the two selected beams into a ratio data store which
data store stores a set of ratios for each pair of adjacent
beams and stores an estimated AoA corresponding to
each such ratio and the set of stored ratios b_, for each
adjacent beam pair (X, y), represents a function b, (0)
of the azimuth angle 0 of the antenna according to the
following equation:

_ VGO -VGy6)
V Gy(0) + V G, (0)

b

ALY

(0)

where each function G,(0), G, (0) represents a mathematical
convolution of a first function representing the respective
beam (X, y) of the antenna as a function of the azimuth angle
(0) of the beam and a second function representing the
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spread of signals received by the base station from a user
equipment 1n the cell due to reflections from scatterers as a
function of azimuth angle (0).

13. A sub-system of a wireless telecommunications net-
work for estimating the Angle of Arrival (AoA) of a signal
from a user equipment recerved at a base station of the
network, which base station has a multi-beam antenna,
which sub-system comprises a signal processor for gener-
ating a signal representing the amplitude of the signal
received from the user equipment for each beam of the
antenna, selecting the two adjacent beams which have the
highest amplitude, calculating a ratio of functions of the
amplitudes of the two selected beams and determining the
estimated AoA of the signal from the calculated ratio and the
sub-system additionally comprises a ratio data store which
stores a set of ratios for each pair of adjacent beams and
stores an estimated AoA corresponding to each such ratio
and the signal processor additionally includes an interface
with the data store for iputting the calculated ratio for the
two selected beams into the data store to generate the
estimated AoA associated with the calculated ratio for the
two selected beams

and wherein the ratios stored 1n the data store account for
the spreading eflect of signals received by the base
station from a user equipment in the cell due to reflec-
tions from scatterers.

14. A method according to claim 13 wherein the ratio of
functions of the amplitudes 1s a simple ratio of the ampli-
tudes of the two selected beams.

15. A method according to claim 13 wherein the ratio of
functions of the amplitudes 1s a ratio of difference between
the amplitudes of the two selected beams to the sum of the
amplitudes.

16. A sub-system according to claim 13 wherein the signal
processor calculates the ratio B, according to the following
equation:

where A _1s the amplitude of the signal for a first selected
beam and A, 1s the amplitude of the signal for a second
selected beam.

17. A sub-system according to claim 13 wherein the
amplitude of the signal for each beam of the antenna 1is
derived as a square root of the measured power p of that
beam.

18. A sub-system according to claim 13 wherein the
amplitude of the signal for each beam of the antenna 1is
derived as a square root of the measured power p of that
beam and the signal processor measures the power output
from each beam of the antenna over a predetermined obser-
vation mterval by averaging over a large number of samples
to generate the measured power of the beam.

19. A sub-system according to claim 13 wherein the
amplitude of the signal for each beam of the antenna 1is
derived as a square root of the measured power p of that
beam and the signal processor subtracts an expected noise
contribution from the measured power of each beam before
the selecting of the two adjacent beams.

20. A sub-system according to claim 13 of a network in
which the base station covers a cell of the network and the
cell 1s split into sectors and a multi-beam antenna 1s
deployed 1n each sector of the cell.
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21. A sub-system according to claim 13 of a network 1n
which the base station has a three-beam antenna array, the
three beam antenna array having a central beam and two side
beams, which sub-system comprises:

a signal processor for deriving a signal representing the
amplitude of the signal received from the user equip-
ment for the three beams of the antenna, selecting the
central beam and the one of the side beams having the
highest amplitude and calculating a ratio of functions of
the amplitudes of the two selected beams;

a ratio data store which data store stores a set of ratios for
cach of the two pairs of adjacent beams and stores an
estimated AoAs corresponding to each such ratio; and

the signal processor additionally including an interface
with the data store for inputting the calculated ratio for
the two selected beams into the data store to generate
the estimated AoA associated with the calculated ratio
for the two selected beams.

22. A sub-system of a wireless telecommunications net-
work for estimating the Angle of Arrival (AoA) of a signal
from a user equipment received at a base station of the
network, which base station has a multi-beam antenna,
which sub-system comprises a signal processor for gener-
ating a signal representing the amplitude of the signal
received from the user equipment for each beam of the
antenna, selecting the two adjacent beams which have the
highest amplitude, calculating a ratio of functions of the
amplitudes of the two selected beams and determining the
estimated AoA of the signal from the calculated ratio and
wherein the amplitude of the signal for each beam of the
antenna 1s derived as a square root of the measured power p
of that beam and the signal processor assesses the measured
power and 1 the measured power 1s a negative value,
converts the measured power to a positive value belfore the
selecting of the two adjacent beams.

23. A sub-system of a wireless telecommunications net-
work for estimating the Angle of Arrival (AoA) of a signal
from a user equipment recerved at a base station of the
network, which base station has a multi-beam antenna,
which sub-system comprises a signal processor for gener-
ating a signal representing the amplitude of the signal
received from the user equipment for each beam of the
antenna, selecting the two adjacent beams which have the
highest amplitude, calculating a ratio of functions of the
amplitudes of the two selected beams and determining the
estimated AoA of the signal from the calculated ratio and
wherein the amplitude of the signal for each beam of the
antenna 1s derived as a square root of the measured power p
of that beam and the signal processor subtracts an expected
noise contribution from the measured power of each beam
and then assesses the measured power and 1f the measured
power 1s a negative value converts the measured power to a
positive value before the selecting of the two adjacent
beams.

24. A sub-system of a wireless telecommunications net-
work for estimating the Angle of Arrival (AoA) of a signal
from a user equipment received at a base station of the
network, which base station has a multi-beam antenna,
which sub-system comprises a signal processor for gener-
ating a signal representing the amplitude of the signal
received from the user equipment for each beam of the
antenna, selecting the two adjacent beams which have the
highest amplitude, calculating a ratio of functions of the
amplitudes of the two selected beams and determining the
estimated AoA of the signal from the calculated ratio and the
sub-system additionally comprises a ratio data store which
data store stores a set of ratios for each pair of adjacent
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beams and stores an estimated AoA corresponding to each
such ratio and the set of stored ratios b, , for each adjacent
beam pair (X, y), represents a function b, (6) ot the azimuth
angle O of the antenna according to the following equation:

VG () -V Gy6)
V Gy (6) + V G(6)

bx,y (9) —

where each tunction G_(8), G,(0) represents a mathematical
convolution of a first function representing the respective
beam (X, v) of the antenna as a function of the azimuth angle
(0) of the beam and a second function representing the
spread of signals received by the base station from a user
equipment 1n the cell due to reflections from scatterers as a
function of azimuth angle (0).

25. Computer readable media suitable for installation 1n a
sub-system of a wireless telecommunications network, for
estimating the Angle of Arrival (AoA) of a signal from a user
equipment recerved at a base station of the network, which
base station has a multi-beam antenna, by executing the
steps of:

obtaining the amplitude of the signal for each beam of the

antenna,

selecting the two adjacent beams which have the highest

amplitude;

calculating a ratio of functions of the amplitudes of the

two selected beams:

determining the estimated AoA of the signal from the

calculated ratio by mputting the calculated ratio for the
two selected beams into a ratio data store, which data
store stores a set of ratios for each pair of adjacent
beams and stores an estimated AoA corresponding to
cach such ratio, to generate the estimated AoA associ-
ated with the calculated ratio for the two selected
beams and wherein the ratios stored in the data store
account for the spreading eflect of signals received by
the base station from a user equipment in the cell due
to reflections from scatterers.

26. Computer readable media according to claim 25
wherein the ratio of functions of the amplitudes 1s a simple
ratio of the amplitudes of the two selected beams.

27. Computer readable media according to claim 25
wherein the ratio of functions of the amplitudes 1s a ratio of
difference between the amplitudes of the two selected beams
to the sum of the amplitudes.

28. Computer readable media according to claim 25
wherein the ratio B, 1s calculated according to the following
equation:

Ay —A,
B, =
Ay + Ay

where A _1s the amplitude of the signal for a first selected
beam and A 1s the amplitude of the signal for a second
selected beam.

29. Computer readable media according to claim 25
wherein the amplitude of the signal for each beam of the
antenna 1s derived as a square root of the measured power p
of that beam.

30. Computer readable media according to claim 25
wherein the amplitude of the signal for each beam of the
antenna 1s obtained as a square root of the measured power
p of that beam and the measured power from each beam of
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the antenna 1s measured over a predetermined observation
interval by averaging over a large number of samples.

31. Computer readable media to according claim 25
wherein the amplitude of the signal for each beam of the
antenna 1s obtained as a square root of the measured power
p of that beam, for executing the additional step of subtract-
ing an expected noise contribution from the measured power
of each beam before the selecting of the two adjacent beams.

32. Computer readable media according to claim 25
wherein the amplitude of the signal for each beam of the
antenna 1s obtained as a square root of the measured power
p of that beam, for executing the additional steps of assess-
ing the measured power and if the measured power 1s a
negative value, converting 1t to a positive value before the
selecting of the two adjacent beams.

33. Computer readable media according to claim 25
wherein the base station covers a cell of the network and the
cell 1s split into sectors and a multi-beam antenna 1s
deployed 1n each sector of the cell.

34. Computer readable media according to claim 25
where the base station has a three-beam antenna array, the
three beam antenna array having a central beam and two side
beams, for executing the steps of:

obtaining the amplitude of the signal for each of the three
beams of the antenna;

selecting the central beam and the one of the side beams
having the highest amplitude;

calculating a ratio of functions of the amplitudes of the
two selected beams: and

determiming the estimated AoA of the signal from the
calculated ratio.

35. Computer readable media suitable for installation 1n a
sub-system of a wireless telecommunications network, for
estimating the Angle of Arrival (AoA) of a signal from a user
equipment recerved at a base station of the network, which
base station has a multi-beam antenna, wherein the com-
puter readable media includes a data store which stores a set
of ratios for each pair of adjacent beams of the antenna and
stores an estimated AoA corresponding to each such ratio,
where each ratio represents the expected ratio of functions of
the amplitudes of the pair of adjacent beams for a signal
received by the antenna from a user equipment located with
respect to the antenna at the corresponding estimated AoA
and wherein the ratios stored in the data store account for the
spreading eflect of signals recerved by the base station from
a user equipment in the cell due to reflections from scatter-
ers.

36. Computer readable media suitable for installation 1n a
sub-system of a wireless telecommunications network, for
estimating the Angle of Arrival (AoA) of a signal from a user
equipment recerved at a base station of the network, which
base station has a multi-beam antenna, wherein the com-
puter readable media includes a data store which stores a set
of ratios for each pair of adjacent beams of the antenna and
stores an estimated AoA corresponding to each such ratio,
where each ratio represents the expected ratio of functions of
the amplitudes of the pair of adjacent beams for a signal
received by the antenna from a user equipment located with
respect to the antenna at the corresponding estimated AoA
and wherein the set of stored expected ratios b, , for each
adjacent beam pair (x, y), represents a function b, (0) of the
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azimuth angle 0 of the antenna according to the following
equation:

VGO -+ G,(0)

b —
VG, O +V G (0)

ALY

()

where each function G,(0), G,(0) represents a mathematical
convolution of a first function representing the respective
beam (X, v) of the antenna as a function of the azimuth angle
(0) of the beam and a second function representing the
spread of signals received by the base station from a user

equipment 1n the cell due to reflections from scatterers as a
function of azimuth angle (0).

37. A method for generating a ratio data store, which data
store 1s suitable for use 1n estimating the Angle of Arrival
(AoA) of a signal from a user equipment receirved at a base
station of a wireless telecommunications network 1n which
the base station has a multi-beam antenna array, comprising,
the steps of:

a. generating a mathematical representation of a single
beam of the multi-beam antenna as a function of the
azimuth angle (0) of the beam:;
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b. generating a mathematical representation of the spread

of signals received by the base station from a user
equipment in the cell due to reflections from scatterers
as a function of azimuth angle (0);

c. convolving the two mathematical representations to
generate a spread angle function G(0);

d. performing steps a. to ¢. for each beam of the multi-
beam antenna to generate a set of spread angle func-
tions G, (0), where n 1s the number of beams;

¢. for each pair of adjacent beams generating a ratio
function b,_,_,(0) having the form:

x.x-1

b (6) = VG (0 -V G 10) o

VGl1(0) + VG (0)

. generating the data store by storing values of the ratio
b, ..1(0) for each pair of adjacent beams and storing an

estimated azimuth angle (0) corresponding to each such
value of ratio, which azimuth angle is the correspond-

ing estimated AoA.
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